Introduction
============

In China, the third most common cause of cancer-related mortality is hepatocellular carcinoma (HCC) ([@b1-mmr-20-03-2823]). HCC accounts for \~90% of the total liver cancer burden globally ([@b2-mmr-20-03-2823]). In clinical practice, surgical resection is the most commonly used treatment procedure, followed by adjuvant and systemic chemotherapy. However, the complex aetiology and high metastatic potential of the disease renders surgical treatment futile in the majority of cases. In recent years, cellular immunotherapy has been increasingly applied in the treatment of HCC ([@b3-mmr-20-03-2823]). Following the success of the new generation of targeted cell therapy technologies represented by chimeric antigen receptor (CAR)-T cytotherapy for the treatment of haematological tumours, researchers have begun to explore the possibility of specific cell therapies for the treatment of solid tumours ([@b4-mmr-20-03-2823]). Currently, one of the major barriers to CAR-T cell therapy is cytokine release syndrome (CRS), which is mainly mediated by interleukin-6. CRS can lead to acute respiratory distress syndrome and multiple organ failure ([@b5-mmr-20-03-2823]). Unlike T cells, natural killer (NK) cells mainly secrete interferon γ (IFN-γ) and granulocyte-macrophage colony-stimulating factor (GM-CSF), which are unlikely to cause CRS ([@b6-mmr-20-03-2823],[@b7-mmr-20-03-2823]). Therefore, CAR-expressing NK (CAR-NK) cells may be safer compared with CAR-T cells in clinical application.

NK cells, which are a crucial component of the innate immune system, are characterized as CD3^−^ CD56^+^ and serve important roles in the immune surveillance and early control of tumorigenesis ([@b8-mmr-20-03-2823]). NK cells can recognize and eradicate tumour cells without prior antigenic exposure ([@b9-mmr-20-03-2823],[@b10-mmr-20-03-2823]). Their recognition of tumour cells depends on the imbalance of activatory and inhibitory receptors on the cell surface ([@b11-mmr-20-03-2823]). Following the identification of tumour cells, NK cells can destroy tumour cells rapidly via secretion of perforin and granzymes ([@b12-mmr-20-03-2823],[@b13-mmr-20-03-2823]), induction of apoptosis, expression of tumour necrosis factor family molecules ([@b14-mmr-20-03-2823]) or expression of CD16, which leads to antibody-dependent cellular cytotoxicity ([@b15-mmr-20-03-2823],[@b16-mmr-20-03-2823]).

However, the anti-tumour activity of NK cells in patients with tumours is limited due to the decline in the quantity and quality of NK cells and tumour immune escape ([@b9-mmr-20-03-2823]). Modifying NK cells through recombinant CAR engineering may enhance their tumour targeting and killing efficiency ([@b17-mmr-20-03-2823]). CAR-NK cells have been tested *in vitro* and in animal models ([@b6-mmr-20-03-2823]), but clinical studies of CAR-NK cells remain mostly in the preclinical stage. CAR-NK cells take advantage of the CAR gene-modification strategy and present several unique advantages over CAR-T cells ([@b7-mmr-20-03-2823]). First, long-term persistence of CAR-expressing cells increases the risk of autoimmunity or malignant transformation; however, since NK cells have relatively limited lifespans *in vivo*, infused CAR-NK cells perish rapidly after mediating their antitumor effects. Second, allogeneic NK cells do not induce graft-versus-host disease ([@b18-mmr-20-03-2823]). In addition, even when tumour cells escape immune surveillance by downregulating the expression of CAR-targeted antigens, CAR-NK cells are still be able to mediate cytotoxic effects through their natural receptor molecules ([@b19-mmr-20-03-2823]). Notably, the cytokines secreted by NK cells are mainly the aforementioned IFN-γ and GM-CSF, which are unlikely to cause CRS ([@b6-mmr-20-03-2823],[@b7-mmr-20-03-2823]). Considering the multiple advantages of CAR-NK cells, the potential applications of CAR-NK cells for the treatment of various cancer types are being studied widely ([@b18-mmr-20-03-2823]).

A CAR construct consists of an extracellular antigen- recognition domain, a transmembrane domain and an intracellular signalling domain. The extracellular antigen-recognition domain is generally composed of a single-chain variable fragment (scFv) derived from the variable regions of the heavy and light chains of a monoclonal antibody, which are fused together via a flexible linker ([@b19-mmr-20-03-2823]). The intracellular signalling region, which contains an immunoreceptor tyrosine-based activation motif, determines the intensity of CAR-NK activation ([@b19-mmr-20-03-2823]).

Similar to T cells, NK cells can be gene-modified with CARs and specifically combined tumour antigens to enhance cytotoxicity ([@b18-mmr-20-03-2823]). However, to the best of our knowledge, only a few previous studies have explored their therapeutic potential in HCC. Primary NK cells are usually derived from autogenous peripheral blood mononuclear cells (PBMCs) from patients ([@b7-mmr-20-03-2823]). Primary NK cells were also examined for a comprehensive insight into NK cell-based modification ([@b7-mmr-20-03-2823]). The c-MET-specific CAR in the present study was based on the humanized c-MET-specific antibody developed in our laboratory and the TYRO protein tyrosine kinase-binding protein (DAP12) signalling domains.

c-MET is the product of the proto-oncogene *MET*, which is expressed by epithelial and endothelial cells, neurons, hepatocytes and haematopoietic cells ([@b20-mmr-20-03-2823],[@b21-mmr-20-03-2823]). c-MET serves crucial roles in the development and progression of cancer ([@b22-mmr-20-03-2823]). c-MET is associated with the proliferation, survival, invasion and metastasis of cancer cells ([@b23-mmr-20-03-2823]). The overexpression of c-MET has been observed in various solid malignancies, such as liver ([@b24-mmr-20-03-2823]--[@b26-mmr-20-03-2823]), breast ([@b27-mmr-20-03-2823]), lung ([@b28-mmr-20-03-2823]) and colorectal ([@b29-mmr-20-03-2823]) cancer. Notably, c-MET aberrations occur in \~50% of patients with HCC ([@b30-mmr-20-03-2823]). c-MET has been identified as a carcinogen in HCC, as increased c-MET activity can initiate, drive or contribute to the development and progression of HCC ([@b25-mmr-20-03-2823]). Thus, c-MET has been increasingly used as an immunotherapeutic CAR-T cell target in progressive HCC. However, the lack of specific tumor antigens and the limited penetration of CAR-T cells into the tumour site reduce the effect of CAR-T cells on hepatocellular carcinoma ([@b31-mmr-20-03-2823]).

In the present study, the function and effectiveness of c-MET-CAR-engineered NK cells against liver cancer cells was determined with the aim of developing an effective and specific NK cell-based therapeutic strategy for liver cancer treatment.

Materials and methods
=====================

### Cell lines

The human liver cancer cell line HepG2 and lung cancer cell line H1299 (Shanghai Zhong Qiao Xin Zhou Biotechnology Co., Ltd.) were maintained in RPMI 1640 medium (Thermo Fisher Scientific, Inc.) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific, Inc.). 293T cells (American Type Culture Collection) were cultured in high-glucose DMEM (Thermo Fisher Scientific, Inc.) containing 10% FBS. All cell lines were cultured in a humidified atmosphere containing 5% CO~2~ at 37°C.

### RNA interference of HepG2 cells

HepG2 cells were transfected with 100 nM C-MET-homo-3918 and C-MET-homo-2659 short interfering (si) RNAs (Shanghai GenePharma Co., Ltd.) using Lipofectamine^®^ 3000 (Thermo Fisher Scientific, Inc.) according to the manufacturer\'s instructions. Scrambled siRNA was used as a negative control. Cells were cultured for 48 h prior to further experiments. To avoid off-target effects, two pairs of siRNAs were used for RNA interference: C-MET-homo-3918 forward, 5′-CCAGAGACAUGUAUGAUAATT-3′ and reverse, 5′-UUAUCAUACAUGUCUCUGGTT-3′; C-MET-homo-2659 forward, 5′-GCAACAGCUGAAUCUGCAATT-3′ and reverse, 5′-UUGCAGAUUCAGCUGUUGCTT-3′. The sequences of control siRNAs (scrambled negative control) were forward, 5′-UUCUCCGAACGUGUCACGUTT-3′ and reverse, 5′-ACGUGACACGUUCGGAGAATT-3′.

### Construction of the c-MET-CAR lentiviral plasmid

The scFv nucleotide sequence of an anti-c-MET antibody was fused with a sequence encoding truncated human epidermal growth factor receptor (huEGFRt) immediately following the V5 tag-encoding sequence. The fused DNA sequences were incorporated with 41BB-DAP12. The entire c-MET-scFv-CD8α-41BB--DAP12-EGFRt-V5 fragment was ligated into a green fluorescent protein (GFP)-expressing lentiviral vector Plv-Easy-GFP \[previously constructed in our laboratory ([@b32-mmr-20-03-2823])\] to construct the c-MET-CAR lentiviral plasmid. The plasmid was digested with the *Kpn*I and *Not*I enzymes to confirm that the insert was the correct size. Sequencing analysis of the plasmid was completed by Sangon Biotech (Shanghai) Co., Ltd. An empty GFP lentiviral plasmid was used as a negative control.

### Lentivirus production

To produce lentiviruses for the infection of NK cells, 293T cells (5×10^6^ cells/dish) were seeded in 10 cm dishes and cultured overnight. The c-MET-CAR lentiviral plasmid or GFP lentiviral plasmid was transfected with the psPAX2 and pMD2.G packaging plasmids (gifts from Professor Hu Ying) using a calcium chloride transfection reagent as previously described ([@b33-mmr-20-03-2823]), the cells were incubated at 37°C with 5% CO~2~ overnight and then the culture medium was replaced with fresh cell culture medium. The c-MET-CAR and GFP lentiviruses were harvested 48--72 h following transfection, filtered through Millex-GP 0.45 µm filters (Merck KGaA), and concentrated by ultracentrifugation (4°C; 72,000 × g; 2 h). The pellet was resuspended with 1X PBS. The c-MET-CAR lentivirus titer was determined by detecting GFP expression using a flow cytometry-based method. Briefly, 293T cells were plated at 1×10^5^ cells/well in a 24-well plate and incubated overnight. The next day, the medium was removed and the cells were infected with 1 ml of undiluted, 1:4-, 1:16-, 1:64-, 1:128- or 1:256-diluted c-MET-CAR lentivirus containing 8 µg/ml polybrene (Sigma-Aldrich; Merck KGaA). Following incubation overnight at 37°C, the medium was replaced with fresh DMEM. At 48 h, the cells were detached with trypsin in EDTA, resuspended in 1X PBS and analysed for GFP expression by flow cytometry. The titer of the c-MET-CAR lentivirus was calculated as follows: Titer (transducing units/ml)=(percentage of GFP^+^ cells ×10,000)/dilution ratio.

### Transduction of NK cells

Human PBMCs were isolated from fresh blood. Peripheral blood samples from donors were collected at Shenzhen Luohu People\'s Hospital (from June 2018 to January 2019). Written informed consent was collected and the study was approved by the Ethics Committee of Shenzhen Luohu People\'s Hospital. A Human NK Cell Culture kit (cat. no. MCF-004; Morecell Biomedical Co., Ltd.) and Serum-free Medium for NK Cells (cat. no. MCM-002; Morecell Biomedical Co., Ltd.) was used for the induction of NK cells, according to the manufacturer\'s instructions. The cell number and viability were determined under a microscope using trypan blue. The purity of CD3^−^CD56^+^ NK cells was detected by flow cytometry. NK cells were seeded at 1×10^5^ cells/well in a 24-well plate, infected with the lentivirus at a multiplicity of infection (MOI) of 100 and supplemented with 8 µg/ml polybrene. At 6 h, the NK cell culture medium was replaced with fresh medium.

### Flow cytometric analysis

A single cell suspension of primary NK cells was prepared in Cell Staining Buffer (cat. no. 420201; BioLegend, Inc.). Cells were pre-incubated with 5 µl of Human TruStain FcX™ (cat. no. 422301; BioLegend, Inc.) per 100 µl (1×10^6^ cells) of cell suspension for 5--10 min at room temperature to block Fc-receptors. The samples were centrifuged at 350 × g for 5 min at room temperature and the supernatant was discarded. Cells were incubated with the following fluorescently labelled antibodies: Anti-CD3-FITC (5 µl/1×10^6^ cells; cat. no. 300305; BioLegend, Inc.) or anti-CD56-phycoerythrin (5 µl/1×10^6^ cells; cat. no. 362507; BioLegend, Inc.) and incubated on ice for 15--20 min in the dark. Cells were washed two times with 2 ml of Cell Staining Buffer and centrifuged at 350 × g for 5 min at room temperature. Cells were analyzed by flow cytometry using a BD FACSCalibur (Becton-Dickinson and Company) and data was analyzed using FCS Express 6.06.0022 (De Novo Software).

### Western blot analysis

Western blotting was performed to examine c-MET expression in tumour cells and CAR expression in c-MET-CAR-NK cells. Briefly, cells were harvested and lysed with RIPA buffer (Beyotime Institute of Biotechnology) supplemented with a protease inhibitor cocktail and phenylmethylsulphonyl fluoride. Protein concentration was determined using the bicinchoninic acid method. A total of 20 µg of the protein was loaded onto 7.5% SDS-PAGE at room temperature (RT). The proteins were transferred to PVDF membranes (Immobilon-P; EMD Millipore), blocked with 5% semi-skimmed milk for 1 h at RT and incubated overnight at 4°C with a primary anti-c-MET antibody (1:1,000; cat. no. AF1432; Beyotime Institute of Biotechnology) or anti-V5 antibody (1:1,000; cat. no. 4AA261811F; Beijing 4A Biotech Co., Ltd.). The next day, the membranes were thoroughly rinsed with TBS + 0.05% Tween-20 and incubated for 1 h at RT with a horseradish peroxidase-conjugated secondary antibody (1:4,000; cat. no. A0218; Beyotime Institute of Biotechnology). Following mild stripping, the same membranes were incubated with a mouse anti-β-actin antibody (1:2,000; cat. no. 3700T; Cell Signalling Technology, Inc.) for 1 h at room temperature as a loading control. Reaction products were detected using enhanced chemiluminescence (ECL Plus; GE Healthcare). ImageJ version K1.45 (National Institutes of Health) was used for densitometric analysis to quantify the relative expression of c-MET in the different cell lines.

### Immunofluorescence

Immunostaining was performed as previously described ([@b34-mmr-20-03-2823]). The staining reagents included an anti-c-MET antibody (1:500; cat. no. AF1432; Beyotime Institute of Biotechnology), Alexa Fluor 488-labelled goat anti-rabbit IgG antibody (1:400; cat. no. A0428; Beyotime Institute of Biotechnology), DAPI (cat. no. D9542; Sigma-Aldrich; Merck KGaA) and TRITC-conjugated phalloidin (1:1,000; cat. no. P1951; Sigma-Aldrich; Merck KGaA). The cells were imaged using an inverted fluorescent microscope (magnification, ×20; Axio Observe 3; Carl Zeiss AG). Images were processed using ImageJ version K1.45.

### Cytokine release assay

c-MET-CAR-NK, GFP-NK and NK cells were co-incubated with HepG2 or H1299 tumour cells at an effector-to-target (E:T) ratio of 2.5:1. Following 24 h of incubation at 37°C, the supernatant was harvested and the concentration of released IFN-γ was measured using the Human IFN-γ ELISA kit (cat. no. SIF50; R&D Systems, Inc.), according to the manufacturer\'s protocol.

### In vitro cytotoxicity assay

Lactate dehydrogenase (LDH) release cytotoxicity assays were performed using the LDH Cytotoxicity Assay kit (Beyotime Institute of Biotechnology), following the manufacturer\'s protocol. c-MET-CAR-NK cells or NK cells and tumor cells (HEPG2 and H1299) were co-cultured at an E:T ratio of 2.5:1 for 4 h at 37°C in 96-well plates in triplicate. Specific lysis was calculated as follows: Percentage of specific lysis=(experimental release-effector spontaneous release-target spontaneous release)/(target maximal release-target spontaneous release) ×100%.

### Apoptosis assay

For apoptosis quantification, c-MET-CAR- NK cells or NK cells and tumor cells (HEPG2 and H1299) were co-cultured at an E:T ratio of 2.5:1 for 4 h at 37°C in 6-well plates in triplicate. The cells were washed twice with cold PBS and resuspend in 1X Binding Buffer (BD Biosciences) at a concentration of 1×10^5^ cells/ml. A total of 5 µl FITC Annexin V (BD Biosciences) and 5 µl propidium iodide (BD Biosciences) were added, and the cells were gently vortexed and incubated for 15 min at 37°C in the dark. Subsequently, 400 µl 1X Binding Buffer was added to each tube, and the cells were analysed by flow cytometry using a BD FACSCalibur (Becton-Dickinson and Company) within 1 h and data was analyzed using FCS Express 6.06.0022 (De Novo Software). All data are presented as the mean ± standard deviation.

### Live-cell video microscopy

A HepG2-mCherry stable cell line expressing the mCherry protein was created by transfection with the plasmid FT106-mCherry (gifts from Professor Hu Ying) using Lipofectamine^®^ 3000 reagent (Thermo Fisher Scientific, Inc.), according to the manufacturer\'s instructions. Stably transfected cells were selected using 600 µg/ml of G418 sulfate (Thermo Fisher Scientific, Inc.) for 3 weeks. The G418-resistant clones were isolated, expanded and maintained on plates in complete media with 400 µg/ml G418 at 37°C in a humidified incubator with 5% CO~2~. For live-cell video experiments, HepG2-mCherry cells (5×10^3^ cells/well) were plated in a 96-well plate and maintained at 37°C in a humidified incubator for 24 h to allow for adherence. Subsequently, c-MET-CAR-NK cells were added at a ratio of 1:1. The cells were imaged every 5 min for 36 h at 37°C using a Cytation1 imaging reader (BioTek Instruments, Inc.). Images were processed using ImageJ version K1.45.

### Statistical analysis

Data are expressed as the mean ± SD.Statistical analysis was performed with GraphPad Prism 5 software (GraphPad Software, Inc.). Student\'s t-test or one-way ANOVA with Bonferroni post hoc test were used to analyse the differences between groups. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Generation of the c-MET-CAR lentiviral plasmid

The scFv nucleotide sequence of an anti-c-MET antibody (Data S1A) was fused with a sequence encoding huEGFRt immediately following the V5 tag-encoding sequence. To improve signal transduction, the c-MET-CAR was designed with a CD8α hinge and the intracellular signalling domains of 41BB and DAP12. The entire c-MET-scFv-CD8α-41BB--DAP12-EGFRt-V5 fragment ([Fig. 1A](#f1-mmr-20-03-2823){ref-type="fig"}) was ligated into a GFP lentiviral vector to construct the c-MET-CAR lentiviral plasmid. [Fig. 1B](#f1-mmr-20-03-2823){ref-type="fig"} shows bands at 6,034 and 2,432 bp after agarose gel electrophoresis of the digested recombinant c-MET-CAR lentiviral plasmid; the band sizes were consistent with the expected results. The sequencing results were consistent with the c-MET-CAR gene sequence, which suggested that the recombinant c-MET-CAR lentiviral plasmid was successfully constructed (Data S1B).

### In vitro culture of human NK cells induced from PBMCs

Human NK cells were induced from PBMCs isolated from fresh blood from healthy donors. Images of the cultured NK cells were taken on days 2, 14 and 21 under a microscope. Cell morphology changed from single small cells to large cell clusters ([Fig. 2A](#f2-mmr-20-03-2823){ref-type="fig"}). The growth curve demonstrated that the NK cells entered the rapid proliferation period on day 6 ([Fig. 2B](#f2-mmr-20-03-2823){ref-type="fig"}). The purity of the CD3^−^CD56^+^ NK cells was detected by flow cytometry following 21 days of culture. In [Fig. 2C](#f2-mmr-20-03-2823){ref-type="fig"}, the upper left quadrant of the scatter diagram demonstrated that \>90% of the cells were CD3^−^CD56^+^ NK cells. The cytotoxicity of cultured NK cells was also tested on days 2, 14 and 21; the percentage of the NK cytotoxicity was 7.47, 25.93 and 27.40%, respectively ([Fig. 2D](#f2-mmr-20-03-2823){ref-type="fig"}).

### Generation of c-MET-CAR-NK cells

The c-MET-CAR lentiviral plasmid or control GFP lentiviral plasmid was co-transfected with the psPAX2 and pMD2.G packaging plasmids to produce the c-MET-CAR and GFP lentiviruses. To confirm the titre, the c-MET-CAR lentivirus was diluted into six gradient concentrations and used to infect 293T cells. After 48 h of infection, the infected 293T cells were observed using fluorescence microscopy ([Fig. 3A](#f3-mmr-20-03-2823){ref-type="fig"}) and analysed for GFP expression using fluorescence-activated cell sorting (data not shown).

*In vitro* cultured human NK cells were transduced with the c-MET-CAR lentivirus or GFP lentivirus at the MOI of 100 to generate c-MET-CAR-NK cells or GFP-NK cells, respectively. The c-MET-CAR-NK cells were observed under brightfield ([Fig. 3B](#f3-mmr-20-03-2823){ref-type="fig"}, left) and a green channel filter ([Fig. 3B](#f3-mmr-20-03-2823){ref-type="fig"}, middle). According to the merged picture ([Fig. 3B](#f3-mmr-20-03-2823){ref-type="fig"}, right), \~50% of the NK cells were GFP-positive. This subpopulation represented the c-MET-CAR-NK cells.

To validate the expression of c-MET-CAR in the transduced NK cells, western blot analysis was performed using an anti-V5 antibody that recognized the V5 tag within the c-MET-CAR structure. c-MET-CAR (V5) was expressed in the c-MET-CAR-NK cells, but not in the GFP-NK cells or normal NK cells ([Fig. 3C](#f3-mmr-20-03-2823){ref-type="fig"}).

### c-MET is highly expressed in HepG2 cells but not H1299 cells

To assess the expression of c-MET in HepG2 and H1299 cells, cells were stained with a c-MET-specific antibody in an immunofluorescence assay ([Fig. 4A](#f4-mmr-20-03-2823){ref-type="fig"}). [Fig. 4B](#f4-mmr-20-03-2823){ref-type="fig"} demonstrates the statistical results of the fluorescence intensity in the green (c-MET) channel in [Fig. 4A](#f4-mmr-20-03-2823){ref-type="fig"}, indicating that the c-MET expression level in HepG2 cells was higher compared with that in the H1299 cells. The western blotting results further revealed that c-MET was highly expressed in the HepG2 cells, but expressed at a low level in the H1299 cells ([Fig. 4C](#f4-mmr-20-03-2823){ref-type="fig"}). HepG2 cell transfection with siRNA interfering with c-MET (*c-MET^RNAi^*) revealed that the level of c-MET protein had been knocked down successfully ([Fig. 4C](#f4-mmr-20-03-2823){ref-type="fig"}, far left lane).

### c-MET-CAR-NK cells kill HepG2 cells through c-MET CAR

Two cell lines were used to test the specificity of c-MET-CAR-NK cells: The c-MET low-expression cell line H1299 and c-MET high-expression cell line HepG2 ([Fig. 5A](#f5-mmr-20-03-2823){ref-type="fig"}). *c-MET^RNAi^* HepG2 cells were used as a negative control. The E:T ratio was 2.5:1. The results demonstrated that the ratio of apoptotic cells in the H1299 group was 18.57, 18.87 and 19.54% for c-MET-CAR-NK, GFP-NK and NK, respectively. The ratio of apoptotic cells in the HepG2 group was 45.64, 20.74 and 16.86% for c-MET-CAR-NK, GFP-NK and NK, respectively. The ratio of apoptotic cells in *c-MET^RNAi^* HepG2 cells group was 22.31, 21.95 and 18.31% for c-MET-CAR-NK, GFP-NK and NK, respectively. The cytotoxicity of c-MET-CAR-NK against the c-MET high-expression cell line HepG2 was significantly increased compared with the other two groups (P*\<*0.01; [Fig. 5B](#f5-mmr-20-03-2823){ref-type="fig"}).

The specific lysis of the two tumour cell lines induced by c-MET-CAR-NK cells was evaluated using the GFP-NK and normal NK cells as controls. The E:T ratio was 2.5:1. The cytotoxicity assay results demonstrated that c-MET-CAR-NK cells exhibited a significant increase in cytotoxicity against HepG2 cells with a lysis ratio of 35.64±3.28% compared with the H1299 and *c-MET^RNAi^* HepG2 groups ([Fig. 5C](#f5-mmr-20-03-2823){ref-type="fig"}), however, there was no significant difference when the E:T ratio was 5:1 ([Fig. S1A](#SD1-mmr-20-03-2823){ref-type="supplementary-material"}).

The level of IFN-γ secreted by c-MET-CAR-NK, GFP-NK and NK cells was determined by ELISA at an E:T ratio of 2.5:1; the concentration of IFN-γ in the H1299 group was 882.36, 906.32 and 897.32 pg/ml in c-MET-CAR-NK, GFP-NK and NK, respectively. The concentration of IFN-γ in the HepG2 group was 1,288.35, 787.67 and 908.25 pg/ml for c-MET-CAR-NK, GFP-NK and NK, respectively. The concentration of IFN-γ in *c-MET^RNAi^* HepG2 group was 940.17, 918.25 and 962.23 pg/ml for c-MET-CAR-NK, GFP-NK and NK, respectively. The level of IFN-γ secreted by c-MET-CAR-NK against the c-MET high-expression cell line HepG2 was significantly increased compared with the other two groups (P\<0.001; [Fig. 5D](#f5-mmr-20-03-2823){ref-type="fig"}), however, there was no significant difference when the E:T ratio was 5:1 ([Fig. S1B](#SD1-mmr-20-03-2823){ref-type="supplementary-material"}).

### Observation of c-MET-CAR-NK cell cytotoxicity in vitro using live imaging

The cytotoxic activity of c-MET-CAR-NK cells against HepG2 cells stably expressing mCherry (HepG2-mCherry) was analysed using live imaging. The integrated process of a mitotic HepG2 cell being attacked by a c-MET-CAR-NK cell was recorded and analysed ([Fig. 6](#f6-mmr-20-03-2823){ref-type="fig"}). The mCherry fluorescence gradually disappeared, representing the apoptosis of a c-MET-positive HepG2 cell, which was due to the attack from c-MET-CAR-NK cells ([Fig. 6A](#f6-mmr-20-03-2823){ref-type="fig"}). The quantification of the live imaging results is presented in [Fig. 6B](#f6-mmr-20-03-2823){ref-type="fig"}. Following 30 min of c-MET-CAR-NK and HepG2 cell co-culture, the fluorescence intensity of HepG2 cell reduced from 25 to 6.5 mean grey value, which indicated the death of the target cells.

Discussion
==========

The present study focused on the possibility of developing a specific cell therapy using NK cells as effector cells in HCC. Based on previous *in vitro* data, c-MET was been identified as a carcinogen in liver cancer ([@b17-mmr-20-03-2823]--[@b19-mmr-20-03-2823]). Consequently, a CAR structure that can guide NK cells targeting the c-MET antigen expressed on the HCC cell surface was constructed in the present study. The results demonstrated a high affinity between c-MET-CAR-positive NK cells and HepG2 liver cancer cells. Based on these results, CAR-NK cell-based immunotherapy may provide a safe and specific approach for liver cancer therapy. However, the exact curative effect of CAR-NK cell immunotherapy still needs to be demonstrated in animal models and clinical trials. Apart from NK cell cytotoxicity, cytokines such as IFN-γ are involved in the effect of NK cell-based immunotherapy. NK cells are an early producer of IFN-γ, which exerts multiple effects on the immune response, such as the induction of major histocompatibility complex class II molecules on antigen-presenting cells, activation of myeloid cells and induction of T helper 1 cells, as well as angiogenesis. Macrophage activation by NK cell-derived IFN-γ has been demonstrated to be essential for the resistance to chemical carcinogenesis in a mouse model of primary tumorigenesis. Thus, IFN-γ is an important anti-tumour cytokine ([@b35-mmr-20-03-2823]).

In the majority of published studies, the NK92 cell line was used as effective cells against tumours ([@b3-mmr-20-03-2823],[@b4-mmr-20-03-2823],[@b36-mmr-20-03-2823]). In the present study, a method to produce autologous NK cells from PBMCs was developed. The advantage of this method is that it guarantees safety for potential future clinical applications. In addition, a lentivirus system was adapted to transduce the c-MET-CAR structure into effective NK cells, which largely increased the ratio of infected NK cells from the 30% reported by previous studies ([@b19-mmr-20-03-2823],[@b37-mmr-20-03-2823],[@b38-mmr-20-03-2823]) to \>50%. In addition, c-Met-CAR-engineered NK cells were more specific and cytotoxic against the liver cancer cell line HepG2 with high c-MET expression compared with the lung cancer cell line H1299 with low c-MET expression. These results suggest that CAR-NK cells may be a promising, specific and safe approach for liver cancer treatment.

Although the preliminary data of the present study demonstrated that c-MET-CAR-NK had potential application prospects in liver cancer, several problems emerged during the development process. Firstly, it has been reported in another study that the lifespan of CAR-NK cell is only 28 days *in vivo* ([@b39-mmr-20-03-2823]), which may result in a reduction of persistence of the curative effect due to the high cost of CAR-NK cells. Secondly, the dose of CAR-NK cells may be difficult to apply *in vivo*. Previous studies have reported the optimal anti-tumour activity for CAR-NK cells *in vivo*, which is 1×10^7^ cells/mouse ([@b40-mmr-20-03-2823],[@b41-mmr-20-03-2823]). However, the titer of the lentivirus in the present study was MOI=100. Lentiviruses are used as a gene-modification tool in gene therapy. The first lentiviral therapy, Tisagenlecleucel, was approved in the United States in 2017 for the treatment of pediatric and young adult patients with acute lymphoblastic leukemia ([@b42-mmr-20-03-2823]). The safety of lentiviruses has been accepted worldwide ([@b43-mmr-20-03-2823]).

There are also limitations to solid tumour treatment using CAR-NK cells. The most concerning problem is the off-target effect caused by tumour-associated antigen mutation post-CAR-NK treatment, as similar problems have been reported in CAR-T therapy ([@b36-mmr-20-03-2823],[@b38-mmr-20-03-2823]). Recently, Zhang *et al* ([@b37-mmr-20-03-2823]) reported that the checkpoint receptor T cell immunoreceptor with immunoglobulin and immunoreceptor tyrosine-based inhibitory motif domains was associated with NK cell exhaustion in tumour-bearing mice and patients with colon cancer. Thus, the microenvironment of solid tumours may inhibit the anti-tumour activity of CAR-NK cells. However, potential NK cell immune checkpoint blockers such as anti-programmed cell death protein 1 antibody for T cells may be used as a combined treatment in future studies.
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![Construction of the c-MET-CAR lentiviral plasmid. (A) Schematic representation of the c-MET-CAR lentiviral construct, which consisted of an SP, C-MET-specific scFv antibody fragment and a CD8α hinge region, a T2A self-cleaving peptide sequence followed by the intracellular domains of 41BB and DAP12, a signaling adaptor molecule involved in the signal transduction of the activating NK cell receptor. as well as a safety switch from huEGFRt. CAR expression was driven by the CMV promoter. (B) The constructed c-MET-CAR plasmid was digested with the restriction endonucleases *Kpn*I and *Not*I and identified by agarose gel electrophoresis. The lengths of the two electrophoresis bands were 6,034 and 2,432 bp. SP, signal peptide; c-MET, c type proto-oncogene receptor tyrosine kinase; CAR, chimeric antigen receptor; scFv, single-chain variable fragment; huEGFRt, truncated human epidermal growth factor receptor; CMV, cytomegalovirus; DAP12, TYRO protein tyrosine kinase-binding protein; E, experimental.](MMR-20-03-2823-g00){#f1-mmr-20-03-2823}

![*In vitro* culture of human NK cells induced from peripheral blood mononuclear cells. (A) Images of cultured NK cells were taken on day 2, day 14 and day 21 under a microscope. Scale bar, 100 µm. (B) NK cell growth curve. (C) The purity of CD3-CD56^+^ NK cells was detected by flow cytometry after 17 days in culture. (D) NK cells were co-incubated with HepG2 tumour cells at an effector-to-target cell ratio of 2.5:1. Following 4 h of incubation, the cell lysis percentage was detected with a lactate dehydrogenase-release assay. NK, natural killer; FSC, forward scatter; SSC, side scatter.](MMR-20-03-2823-g01){#f2-mmr-20-03-2823}

![Generation of c-MET-CAR-NK cells. (A) The c-MET-CAR lentiviral titre was calculated by diluting the lentivirus and infecting 293T cells for 72 h. Scale bar, 100 µm. (B) *In vitro* cultured human NK cells were infected with the c-MET-CAR lentivirus to generate c-MET-CAR-NK cells. Scale bar, 200 µm. (C) Western blot analysis was used to assess the c-MET-CAR expression in NK, GFP-NK and c-MET-CAR-NK cells. The expression of c-MET-CAR was detected with a specific anti-V5 antibody. β-actin was used as loading control. NK, natural killer; c-MET, c type proto-oncogene receptor tyrosine kinase; CAR, chimeric antigen receptor; GFP, green fluorescent protein.](MMR-20-03-2823-g02){#f3-mmr-20-03-2823}

![c-MET is highly expressed in HepG2 cells, but not H1299 cells. (A) Immunofluorescence staining with an anti-c-MET antibody (green), phalloidin (red) and DAPI (blue) in HepG2 cells (top) and H1299 cells (bottom). Scale bar, 100 µm. (B) Fluorescence intensity of the green (c-MET) channel in the immunofluorescence images above. \*P\<0.05. (C) Western blotting of the relative c-MET protein expression levels in *c-MET^RNAi^* HEPG2, NC-HEPG2, HepG2 and H1299 cells. β-actin was used as loading control. c-MET, c type proto-oncogene receptor tyrosine kinase; *c-MET^RNAi^*, cells treated with small interfering RNA targeting c-MET; NC, negative control; Int Den, fluorescence intensity.](MMR-20-03-2823-g03){#f4-mmr-20-03-2823}

![c-MET-CAR-NK cells specifically kill HepG2 cells. c-MET-CAR-NK, GFP-NK and NK cells were co-incubated with H1299, HepG2 or *c-MET^RNAi^* HepG2 cells at an effector-to-target ratio of 2.5:1. After 4 h of incubation, apoptosis was (A) measured by flow cytometry and (B) quantified. (C) After 4 h of incubation, the specific lysis percentage was detected with a lactate dehydrogenase release assay. (D) After 24 h of incubation, the supernatant was harvested and the concentration of the released IFN-γ was measured with a sandwich ELISA. The data are presented as the mean ± SEM from three independent experiments. \*P\<0.05, \*\*P\<0.01 and \*\*\*P\<0.001. NK, natural killer; c-MET, c type proto-oncogene receptor tyrosine kinase; CAR, chimeric antigen receptor; GFP, green fluorescent protein; IFN-γ, interferon-γ; *c-MET^RNAi^*, cells treated with short interfering RNA targeting c-MET; PI, propidium iodide.](MMR-20-03-2823-g04){#f5-mmr-20-03-2823}

![Observation of c-MET-CAR-NK cell cytotoxicity *in vitro* using live imaging. (A) Frames of a time-lapse video demonstrating the process of one c-MET-CAR-NK cell (green, green arrow) killing HepG2 cells (red, red arrows). Scale bar, 30 µm. (B) The MGV of the fluorescence intensity of HepG2 cells (red channel) in the time-lapse video above was calculated. NK, natural killer; c-MET, c type proto-oncogene receptor tyrosine kinase; CAR, chimeric antigen receptor; MGV, mean grey value.](MMR-20-03-2823-g05){#f6-mmr-20-03-2823}
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